We present the first ab initio calculations of neutrinoless double beta decay matrix elements in A = 6-12 nuclei using Variational Monte Carlo wave functions obtained from the Argonne v18 two-nucleon potential and Illinois-7 three-nucleon interaction. We study both light Majorana neutrino exchange and potentials arising from a large class of multi-TeV mechanisms of lepton number violation. Our results provide benchmarks to be used in testing many-body methods that can be extended to the heavy nuclei of experimental interest. In light nuclei we have also studied the impact of two-body short range correlations and the use of different forms for the transition operators, such as those corresponding to different orders in chiral effective theory.
I. INTRODUCTION
Searches for neutrinoless double beta decay (0νββ) constitute the most sensitive laboratory probe of lepton number violation (LNV). In 0νββ two neutrons in a nucleus turn into two protons, with the emission of two electrons and no neutrinos, violating L by two units. The observation of 0νββ would demonstrate that neutrinos are Majorana fermions [1] , shed light on the mechanism of neutrino mass generation, and give insight into leptogenesis scenarios for the generation of the matter-antimatter asymmetry in the universe [2] .
For certain even-even nuclei the single β decay is energetically forbidden. In many such nuclei, the Standard Model allowed two-neutrino double beta decay has already been observed [3] [4] [5] [6] [7] [8] (see Ref. [9] for older references), and the search for the LNV neutrinoless mode is being pursued by many collaborations worldwide. The current experimental limits on the half-lives for the neutrinoless mode are quite impressive [10] [11] [12] [13] [14] [15] [16] [17] , at the level of T 1/2 > 5.3 × 10 25 y for 76 Ge [17] and T 1/2 > 1.07 × 10 26 y for 136 Xe [10] , with next generation ton-scale experiments aiming at two orders of magnitude sensitivity improvements.
The observation of 0νββ, while of great significance by itself, would not immediately point to the underlying mechanism of lepton number violation. In fact, next-generation experiments are sensitive to a variety of mechanisms, which are most efficiently discussed in an effective theory approach to new physics, in which LNV arises from ∆L = 2 operators of odd dimension, starting at dimension-five [18] [19] [20] [21] . As discussed for example in Ref. [22] , if the scale of lepton number violation, Λ LNV is in the range 1-100 TeV, short-distance effects encoded in local operators of dimension seven and nine provide contributions to 0νββ within reach of next generation experiments. On the other hand, whenever Λ LNV is much higher than the TeV scale, the only low-energy manifestation of this new physics is a Majorana mass for light neutrinos, encoded in a single gauge-invariant dimensionfive operator [18] , which induces 0νββ through light Majorana-neutrino exchange [23, 24] .
To interpret positive or null 0νββ results in the context of various LNV mechanisms it is essential to have control over the relevant hadronic and nuclear matrix elements. Current knowledge of these is somewhat unsatisfactory [25] , as various many-body approaches lead to estimates that differ by a factor of two to three for nuclei of experimental interest. This is true both for the light Majorana-neutrino exchange mechanism, which has received much attention in the literature, and for shortdistance sources of LNV encoded in dimension-seven and -nine operators (see [22] and references therein).
In this paper we present the first ab initio calculations of 0νββ nuclear matrix elements in light nuclei (A = 6-12), using Variational Monte Carlo (VMC) wave functions obtained from the Argonne v 18 (AV18) [26] twobody potential and Illinois-7 (IL7) [27] three-nucleon interaction. We use the measured value of the axial coupling constant g A = 1.2723 (23) [28] -also utilized in recent ab initio quantum Monte Carlo calculations of single beta decays in A = 6-10 nuclei [29] that explain the data at the ≤ 2% (∼ 10%) level in A = 6-7 (A = 10) decaysand compare with results for A = 48-136 nuclei [30, 31] also based on the measured value of g A . We study the matrix elements of light Majorana-neutrino exchange as well as those arising from a large class of multi-TeV mechanisms of LNV. While the transitions studied here are not directly relevant from an experimental point of view, this study has several merits: (i) Because the ab initio framework used here accurately explains, qualitatively and quantitatively, the observed properties of light nuclei [32] [33] [34] , our results provide an important benchmark to test other many-body methods that can be extended to the heavy nuclei of experimental interest. (ii) In this framework we can study in a controlled way the impact of various approximations inherent to some many-body methods -such as neglecting two body correlations. (iii) arXiv:1710.05026v1 [nucl-th] 13 Oct 2017
For a given LNV mechanism, we can explore the impact of using different forms for the transition operators ("potentials") mediating 0νββ. (iv) In the same vein, we can study the relative size of matrix elements corresponding to different LNV mechanisms.
The paper is organized as follows. In Section II we present the two-body transition operators ("potentials") that mediate 0νββ from a large class of LNV mechanisms. In Section III we describe the VMC method and in Section IV we discuss our results. We present our conclusions in Section V and provide some details on the potentials in coordinate space in Appendix A. 
II. NUCLEAR OPERATORS FOR 0νββ

A. Matching quark operators to hadronic operators
Our starting point is a ∆L = 2 effective Lagrangian L ∆L=2 at the hadronic scale E ∼ Λ χ ∼ GeV written in terms of leptons and quarks. This effective Lagrangian originates from integrating out heavy new physics at the scale Λ LNV and matching onto SU (3) C ×SU (2) L ×U (1) Yinvariant operators. After integrating out the heavy SM fields at the electroweak scale, one obtains a set of SU (3) C × U (1) EM -invariant operators that we incorporate into our effective Lagrangian. In this work, with the purpose of benchmarking nuclear matrix elements, we include only the dimension-three Majorana neutrino mass operator and a subset of dimension-nine six-fermion operators that mediate short-range contributions to 0νββ:
Here v = ( √ 2G F ) −1/2 = 246 GeV, α, β are color indices, and for later convenience we have extracted a factor of V 2 ud from the dimensionless Wilson coefficients C (9) i . The dimension-three term in Eq. (1) originates from the only SU (2) L -invariant operator at dimension-five, while the dimension-nine terms can arise from both dimensionseven and -nine SU (2) L -invariant operators.
In principle, the most general ∆L = 2 low-energy effective Lagrangian would include additional dimensionsix and -seven charged-current operators, which give rise to long-range contributions to 0νββ, not proportional to m ββ . However, as was shown in Ref. [22] , the nuclear matrix elements (NMEs) needed in this case are related to NMEs that appear in light and heavy Majorana-neutrino exchange, and thus do not require independent calculations. Furthermore, the effective Lagrangian in (2) represents a subset of the most general dimension-nine ∆L = 2 interactions. The complete basis of dimension-nine operators includes additional terms that can be obtained by the interchange of L ↔ R on the quark and/or leptonfields in (2), as well as operators in which the quark and electron structures are Lorentz vectors (e.g.ē L γ µ Cē T R ) [35, 36] . However, as far as 0 + → 0 + transitions are concerned, none of these additional operators lead to different hadronic realizations than those induced by the operators in Eq. (2) [37] . As a result, the NMEs studied in the following capture the leading contributions to 0νββ from SU (2) L -invariant operators of dimension-five and -seven, as well as those from dimension-nine operators involving six fermions.
The leading low-energy realization of the effective Lagrangian (1) in terms of leptons, pions, and nucleons, reads [36, 37] 
4 g 8×8 + C
The low-energy constants (LECs) g 8×8 and g 6×6 are of O(Λ , is O(1) in the Weinberg power counting [38, 39] . We follow the notation of Ref. [37] , in which g 8×8 , g 6×6 , and g 27×1 (see also Ref. [40] ) were estimated using SU (3) chiral perturbation theory (χPT) relations and lattice-QCD calculations of kaon matrix elements. At µ = 3 GeV in the MS scheme one has g 27×1 = 0.37 ± 0.08,
For the new-physics operators that transform as 8 L × 8 R or 6 L ×6 R , within the Weinberg power counting, only the ππ interactions contribute at LO, and we neglect the subleading pion-nucleon and nucleon-nucleon couplings in Eq. (3). Instead, for the operator transforming as 27 L × 1 R , we include all three types of interactions as they contribute to 0νββ at the same order.
B. The isotensor nuclear potentials
From the effective Lagrangian (3) one obtains the following ∆L = 2 effective hamiltonian for 0νββ in terms of electrons and nucleons:
with the isotensor potential given by
In what follows we will give the two-body potentials in momentum space, while providing their coordinate space expressions in Appendix A.
Light Majorana neutrino exchange
The first term in Eq. (5) is generated by light Majorana-neutrino exchange, depicted in the top-left panel of Fig. 1 , and at leading order is given by
whereq = q/|q|, g V = 1, g A = 1.27, and the tensor operator is given by S ab = − (3 σ a ·q σ b ·q − σ a · σ b ) in momentum space. Higher-order corrections to the singlenucleon charged-currents can be taken into account by including momentum-dependent form factors. Here we follow Ref. [25] and express V ν as
The Fermi (F), Gamow-Teller (GT) and tensor (T) functions can be expressed in terms of the nucleon isovector vector, axial, induced pseudoscalar and tensor form factors as
where for the GT and T terms we have
and v
GT (q 2 )/2. As commonly done in the 0νββ literature, we use a dipole parameterization for the vector and axial form factors, and write
where the vector and axial masses are Λ V = 850 MeV and Λ A = 1040 MeV, and the anomalous nucleon isovector magnetic moment κ 1 = 3.7. In the limit Λ A,V → ∞, Eq. (10) reduces to the leading order (LO) χPT expression. In what follows, we define the neutrino potentials in momentum space as
with α ∈ {F, GT, T } and β ∈ {ν, AA, AP, P P, M M }, and the functions v β α given in Eqs. (8) and (9) . The potential V T, AA does not appear in the case of light Majorana-neutrino exchange, but it is relevant in the presence of right-handed charged-currents [22, 41, 42] Non-factorizable contributions to V ν arise at the same order as form-factor corrections, as recently shown in Ref. [43] . We explore the impact of these in Section. IV D.
LNV from short-distance
The dimension-nine operators with couplings C 
As for the light Majorana-neutrino exchange potential V ν , we split the V ππ and V πN in Gamow-Teller and tensor components (see Appendix A). The dimensionless effective couplings are given by:
At leading order in chiral EFT, the potentials in Eq. (12) do not include momentum dependent form factors. Note that, after absorbing the short-distance pieces of the c πN and c ππ contributions into V N N , we have V GT,ππ = −V GT,P P and V GT,πN = −V GT,AP /2 (see Appendix A). In our analysis, we will study the sensitivity to the large momentum region by multiplying V ππ , V πN and V N N by a dipole form factor, for which we take g
C. Matrix elements
To make contact with the standard 0νββ literature, it is convenient to define the dimensionless matrix elements between the initial and final nuclear states, |Ψ i and |Ψ f , as
where the two-body F, GT, and T operators are given by
where R A = 1.2 A 1/3 fm is the nuclear radius and now β ∈ {ν, AA, AP, P P, M M, ππ, πN, N N }. Note that the operators defined above involve an unconstrained sum over a = b. The potentials in momentum and coordinate space are related by
For completeness, we report explicit expressions for the potentials in coordinate space in Appendix A.
III. VARIATIONAL MONTE CARLO METHOD
The evaluation of the matrix elements defined in Eq. (16) is carried out using Variational Monte Carlo (VMC) computational algorithms [32] . The VMC wave function Ψ(J π ; T, T z )-where J π and T are the spinparity and isospin of the state-is constructed from products of two-and three-body correlation operators acting on an antisymmetric single-particle state of the appropriate quantum numbers. The correlation operators are designed to reflect the influence of the two-and three-body nuclear interactions at short distances, while appropriate boundary conditions are imposed at long range [44, 45] .
The Ψ(J π ; T, T z ) has embedded variational parameters that are adjusted to minimize the expectation value
which is evaluated by Metropolis Monte Carlo integration [46] . In the equation above, E 0 is the exact lowest eigenvalue of the nuclear Hamiltonian H for the specified quantum numbers. The many-body Hamiltonian is given by
where K i is the non-relativistic kinetic energy of nucleon i and v ij and V ijk are, respectively, the Argonne v 18 (AV18) [26] two-body potential and the Illinois-7 (IL7) [27] three-nucleon interaction. The AV18+IL7 model reproduces the experimental binding energies, charge radii, electroweak transitions and responses of A = 3-12 systems in numerically exact calculations based on Green's function Monte Carlo (GFMC) methods [29, [32] [33] [34] .
A good variational wave function, that serves as the starting point of GFMC calculations, can be constructed with
The Jastrow wave function Ψ J is fully antisymmetric, translationally invariant, and has the (J π ; T, T z ) quantum numbers of the state of interest, while U ij andŨ ijk are the two-and three-body correlation operators, and S is a symmetrization operator. The two-body correlation operators [32] can be schematically written as
where
are the main static operators that appear in the twonucleon potential and the f p are functions of the interparticle distance r ij generated by the solution of a set of coupled differential equations containing the bare twonucleon potential with asymptotically-confined boundary conditions [32] . In order to study how correlations in the nuclear wave functions impact on the calculated matrix elements, we perform a calculation in which we turn off the "one-pion-exchange-like" correlation operators, i.e., (τ i · τ j )(σ i · σ j ) and S ij τ i · τ j . The effects such an artificial change will be discussed in Sec. IV.
In principle, the variational wave function can be further improved via an imaginary time propagation of the Schrödinger equation. This procedure has the effect of eliminating spurious contributions coming from excited states and it is implemented by the GFMC algorithm [32] . However, Quantum Monte Carlo studies of electroweak matrix elements in low-lying nuclear states of A ≤ 10 nuclei indicate that the GFMC propagation improves the VMC results by 3% [29, 47] , an accuracy that goes beyond the scope of the present investigation.
The results presented below for A ≤ 10 nuclei use the VMC wave functions that serve as starting trial functions for the GFMC calculations summarized in Ref. [32] . For the A = 12 nuclei, we use new clusterized variational wave functions that provide for alpha-and dineutron-like clusters among the p-shell nucleons. As for the lighter nuclei, they are fully antisymmetric A-body wave functions, translationally invariant, and include the same product of two-and three-body operator correlations induced by the nuclear Hamiltonian. However, for simplicity, only the highest spatial symmetry states are used, i.e., [ In both cases a small-basis diagonalization is made among these components. These A = 12 calculations are computationally demanding because of the size of the spin-isospin vectors needed to represent the wave function: 4,096 x 132 for 12 C and 4,096 x 275 for 12 Be, where we assume pure T = 0 and T = 2 states, respectively. This is the first quantum Monte Carlo wave function for 12 Be. In addition to presenting results on the matrix elements of Eq. (16), we study their associated transition distributions in r-space, C α,β (r), and q-space,C α,β (q) defined as
where ρ α,β (r) is the transition density associated with the transition operator O α,β (r). Finally, following Ref. [49] we represent the deltafunctions entering the V GT,M M and V F,N N potentials defined in Eqs. (A5) and (A7) with
where R S is a short range cutoff. We tested the sensitivity of the calculated matrix elements with respect to variations of R S ∈ {0.6 , 1.0} fm. The matrix elements were found to be stable at the few percent level.
We also analyzed the sensitivity of the GT-AA matrix elements to variation in the regulator function F (r) defined as
for values of R L ∈ {0.6 , 0.8} fm. We found a variation of 17% in the calculated isospin-changing matrix elements of A =8-12 decays, a somewhat large variation which arises from a delicate cancellation in the associated GT-AA transition densities (see Sec. IV for explanation). A detailed study focused on the cutoff dependence is beyond the scope of this work, and in what follows we report the matrix elements obtained without the regulator function given above. It would indeed be interesting to reanalyze these systems using different nuclear Hamiltonians. This would allow one to assess the sensitivity to short-distance dynamics and to associate a model dependence uncertainty to the calculations. In particular, Quantum Monte Carlo calculations based on chiral two-and three-body potentials are now feasible [49] [50] [51] , which opens up the possibility of systematically and consistently studying the sensitivity to cutoff variations in both the nuclear Hamiltonian and 0νββ-decay potentials. Work along these lines is in progress.
IV. RESULTS
Before proceeding to the discussion of the results, we emphasize that we use the value of the axial coupling constant g A = 1.2723(23) [28] . In fact, recent GFMC studies on single-beta decay in A ≤ 10 nuclei based one the AV18+IL7 model adopted here, indicate that the "g A -problem"-that is the systematic over-prediction of single-beta Gamow-Teller matrix elements in simplified nuclear calculations-can be resolved by correlation effects in the nuclear wave functions [29] . These findings are limited to studies of matrix elements at zero momentum transfer, whereas the average momentum transfer in 0νββ-decay matrix elements is of the order of ∼ 100 MeV [25] . It remains to be determined how the "g Aproblem" propagates at intermediate values of momentum transfer, and whether the microscopic picture of the nucleus based on the "unquenched" nucleonic weak couplings successfully explains the data in this energy regime. Progress in this direction would be facilitated by the acquisition of neutrino-nucleus scattering data, which are scarce at moderated values of momentum transfer.
In Tables I and II , we list the calculated 0νββ-decay matrix elements in 6 He, 8 He, 10 Be, 10 He, and 12 Be transitions. We identify two classes of transitions, namely transitions in which the total isospin of the initial and final states remains unchanged, i.e., ∆T = |T i − T f | = 0, and those in which the total isospin changes by two units, i.e., ∆T = 2. The former involves isobaric analog states, which is never the case in nuclear transitions considered for the actual experiments. It is nevertheless interesting to study these systems with the goal of benchmarking different nuclear models and/or computational methods.
Transition densities between isobaric analog states are characterized by the lack of nodes: this can be appreciated in the left panel of Fig. 2 where we show results for the 6 He→ 6 Be decay as a representative of this class. Once the VMC nuclear wave function for, e.g.
6 He, is determined, then that of 6 Be is obtained from it by swapping protons and neutrons. As a result, the initial and final wave functions differ only in the third component of the isospin, while their radial and spin dependence is the same, implying a maximum overlap between the two wave functions and the consequent lack of nodes in the transition densities. In fact, evaluation of the a<b τ + a τ + b operator in between these wave functions gives one, i.e., the wave function normalization (this is in case one neglects tiny contributions induced by the isoscalar Coulomb term [52] which is different in the two isobaric analog nuclei due to their different number of protons). Similar considerations apply to the A = 10 transitions in this class. , but with different T z component. In fact, they both have an alpha-like core with S = T = 0, whereas the remaining two-nucleon pairs are two 1 S 0 -(nn) dineutrons in 8 He, and an equal mixture of two 1 S 0 -(np) T = 1 pairs, one 1 S 0 -(nn) dineutron and one 1 S 0 -(pp) diproton in 8 Be. Again, there is no change in the spatial symmetry of the initial and final states. ∆T = 2 transitions are especially interesting due to their direct correspondence to the experimental cases. As an example of this class, in the right panel of Fig. 2 we show the 10 He→ 10 Be transition densities associated with the F, GT, and T operators, namely a<b (τ 12 C) decay. In the remainder of this section we will primarily focus our attention on ∆T = 2 transitions in A = 10 and 12, and just report the results obtained for the A = 8 decay. In fact, 8 Be presents a unique and rich structure characterized by a strong two-α clusters in both its ground state-that lies ∼ 0.1 MeV above the threshold for breakup into two α's-and first two rotational excited states of two α particles rotating about each other [53, 54] . These features make this test case less appealing for comparisons with decays relevant from the experimental point of view.
A. Light Majorana neutrino exchange
In Table I , we report a breakdown of the tree-level light Majorana-neutrino exchange potentials defined in Eqs. (7)- (9) . The first three rows show the results for transitions between isobaric analog states. In this case, the absence of the node implies that the F-ν and GT-AA contributions dominate the 0νββ-potentials. The GT-AP and GT-PP components, which have pion-range, steeply fall off for r 2 fm, and give, respectively, a ∼ 20% and ∼ 5% correction to the GT-ν matrix element. This can be appreciated from Fig. 3 , which shows that for r > 2 fm the total GT distribution C GT,ν is very well approximated by the AA component. The weakmagnetic term GT-MM, which is a N 2 LO correction in chiral EFT, is small, about 2%. Fig. 3 also shows that the tensor matrix elements are negligible.
The results for the ∆T = 2 transitions are shown in rows 4−6 of Table I . The most important feature of these transitions is the presence of the node, which causes the GT and F densities, illustrated in the right panel of Fig.  2 , to change sign at about 2.5 fm. As a result, there is a large cancellation for the F-ν and GT-AA matrix elements, which causes these NMEs to be significantly smaller than in the case of transitions involving isobaric analog states. This is illustrated in the left panel of Fig.  4 for the 12 Be→ 12 C transition, where the region with r > 2.5 fm reduces the GT-AA matrix element by 50%. The same NMEs were compared in ∆T = 2 and ∆T = 0 transitions of heavier systems, such as Ca→Ti, in Refs. [ 55, 56] , where a similar suppression of the NMEs in ∆T = 2 transitions was found. In contrast, the AP, PP and MM components, which are pion-and short-range contributions, are much less affected by this cancellation, and are therefore more important in the ∆T = 2 transitions. Both of these effects can also be seen from Table I . For example, in the 10 He→ 10 Be transition the AP, PP and MM components are, respectively, 48%, 16% and 10% of the GT-AA, and, while the GT-AA matrix element is 20 times smaller than in the 6 He→ 6 Be transition, the AP, PP and MM matrix elements are only about a factor of 5 smaller. Table I also shows a partial cancellation between the GT-AP and GT-PP and GT-MM components, which is a common feature of both ∆T = 0 and ∆T = 2 transitions. As a result we find that the GT-ν matrix element is always dominated by the GT-AA component. In the case of transitions between isobaric analogues, the GT-AA matrix element is 90% of the total GT-ν contribution, while in ∆T = 2 transitions, it is approximately 80%. A similar effect is observed in calculations of heavier systems, such as 48 Ca and 76 Ge [30, 31, [57] [58] [59] .
The absolute size of the NMEs shows sizable variations between different ∆T = 2 transitions. In particular, the matrix elements increase by a factor of 2.5 between the 10 He→ 10 Be and 12 Be→ 12 C transitions. This can be appreciated from Fig. 5 , where we show the GT-ν and F-ν transition distributions in momentum space. While the shape of the distributions is very similar in the two transitions, the peak is significantly larger in 12 Be→ 12 C. This effect may be due, at least partially, to a large difference in the spatial extent of the relevant wave functions. The 10 He system is only a resonance, unstable against breakup into 8 He+2n by about 1 MeV. Here we have employed a pseudo-bound (with an exponentially falling density at long range) VMC wave function that is quite diffuse, with a proton (neutron) rms radius of 1.95 (3.66) fm. The 10 Be, 12 Be, and 12 C nuclei are all bound systems, with VMC wave functions that have proton (neutron) rms radii of 2.32 (2.50) fm, 2.43 (2.99) fm, and 2.48 (2.48) fm, respectively. GFMC calculations change these radii by less than 5%. Thus, for the A = 10 decay, two neutrons with an rms radius of 3.66 fm must be converted to two protons at an rms radius of 2.32 fm, indicating a small spatial overlap between the initial and final wave functions and consequently relatively small matrix elements. In comparison, the A = 12 decay only requires a shift from 2.99 fm to 2.48 fm, which leads to a significantly larger spatial overlap, and larger matrix elements. This last transition in A = 12 is possibly the test case that is most like 0νββ decays in nuclei of experimental interest.
As a comparison, in the last three rows of Table I we show the shell model results for 48 Ca, 76 Ge and 136 Xe [30, 57, 60] . Other many-body methods differ by a factor of 2-3 [25] . Although the absolute sizes of these NMEs are larger by a factor of a few than those of the ∆T = 2 transitions calculated here, the relative factors between the different NMEs seem to agree fairly well (see also Table III ), indicating that the relative size of long-and short-distant physics is independent of the particular nuclear systems considered.
It is interesting to note that the R A normalization factor introduced in Eqs. (17)- (19) can induce some misjudgment when comparing results from different nuclei. In fact, if we multiply the NMEs by 1/R A (with R 8 = 2.40 fm, R 10 = 2.58 fm, and R 12 = 2.75 fm) we find a remarkably good agreement between short-and pion-range potentials evaluated in A = 12 and A = 48 with R 48 = 4.36 fm (and, to a lesser extent, A = 76 and A = 136 with R 76 = 5.08 fm and R 136 = 6.17 fm) decays. This could be due to the fact that short-range operators depend on the nuclear density which is roughly the same in all nuclei.
The last column of Table I reports our results for the matrix element T-AA, which does not contribute in the case of light Majorana-neutrino exchange, but it is relevant in the presence of right-handed charged-currents [22, 41, 42] . This matrix element is not often computed in the literature, and in Ref. [22] bounds on the righthanded operator C (6) VR were obtained setting M T,AA = 0. If we naively assume that the ratio between the GT-AA and T-AA matrix elements is the same in heavy and light nuclei, a T-AA matrix element of the size reported in Table I would affect the bounds on C (6) VR at the 20% level.
The results discussed in this section, summarized in Table I , deal mostly with NMEs involved in light Majorana-neutrino exchange. However, as noted in Ref. [22] , linear combinations of the same NMEs determine additional long-range contributions to 0νββ mediated by dimension-six and -seven LNV semileptonic operators, that are not proportional to m ββ .
B. LNV from short-distance
We now discuss the neutrino potentials induced by dimension-nine operators, which do not involve neutrino exchange, but are pion-or short-range. Our results are summarized in Table II , where the first and middle three rows give the ∆T = 0 and ∆T = 2 transitions, respectively. For comparison, the bottom three rows give the results of Ref. [30] for the corresponding NMEs in heavier systems.
By power counting, with the definitions in Eqs. (7)- (9) and (12), one would expect all the NMEs in Table II to be of similar size. In the case of the ∆T = 0 transitions, however, the lack of nodes is responsible for the dominance of the GT-ν and F-ν NMEs over the other matrix elements listed in Table II . The GT-ππ and GT-πN contributions are, respectively, only ∼ 5% and ∼ 10% of the GT-ν matrix element. As these NMEs are proportional to GT-PP and GT-AP matrix elements, this is what we would expect from the results in Table I . In Figs. 3 and 4 we can see how the transition distributions associated with the pion-exchange operators ππ and πN start to die off at ∼ 1 fm, which is expected since the range of these operators is approximately set by 1/m π ∼ 1.4 fm. We also note that T-like operators are highly suppressed, as can be seen from the figures as well as from Table II . This is a consequence of the fact that the tensor operator S ab vanishes in between nn-pairs in relative S-wave, which is the dominant two-nucleon component at short distances.
For the ∆T = 2 class, we show in Fig. 4 the calculated distributions of the 12 Be→ 12 C transition. Due to the characteristic node in the GT transition densities and the ensuing cancellation, the GT-ππ (GT-πN ) matrix element of this class is found to be as large as ∼ 30% (∼ 40%) of the GT-ν contribution (see Table II ). This is (numerically) consistent with the results for the GT-PP and GT-AP matrix elements of Table I . One can again see that the GT-ππ and GT-πN distributions start to fall off around 1.1 fm, and that the T-like operators are highly suppressed for the ∆T = 2 transitions as well. From comparing the last six rows of Table II one can see that the absolute sizes of the matrix elements calculated here are smaller by a factor of a few than those calculated for heavier systems. In Table III we show the F and GT matrix elements normalized to the GT-AA and GT-πN components, including, for heavy system, results obtained with two many-body methods, the shell-model [30] and the quasiparticle random phase approximation [31] . From the left panel we see that, in a given method, the relative importance of long-, pion-and short-range potentials is fairly constant, and the hierarchy of matrix elements is the same for heavy and light nuclei. For pionand short-distance matrix elements, we observe an even better agreement. As illustrated in the right panel, after normalizing to GT-πN , the normalized short-range matrix elements of light and heavy nuclei, and of heavy nuclei computed with different methods, are consistent at the 20% level or better. Finally, to obtain the short-range matrix elements GT-NN and F-NN we used the regularization of the delta function potential in Eq. (27) . If we instead regulate the divergence by using a dipole form factor, either g V (q 2 ) or g A (q 2 ), the NMEs vary by no more than a few percent.
C. Sensitivity to form factors and correlations
We now turn our attention to the sensitivity of the matrix elements to variations in the nucleonic form factors as well as variations in the nuclear wave functions' correlations. To this end we study in more detail the ∆T = 2 transition 10 He→ 10 Be and report our results in Table IV . The findings discussed in this section in relation to the A = 10 decay apply to the other ∆T = 2 transitions considered in the present work as well.
The neutrino potentials in Eqs. (7)- (9) include the vector and axial form factors g V (q 2 ) and g A (q 2 ), whose momentum dependence is an N 2 LO correction in chiral EFT. To study the impact of these form factors, we repeated the calculation of the NMEs setting g V (q 2 ) = 1 and g A (q 2 ) = g A . We report the results for the 10 He→ 10 Be transition in the second row of Table IV . For the F-ν and GT-ν matrix elements the effect of turning off the axial and vector form factors is mild, resulting in at most a 10% increase. For the T-AP and the T-PP components, this effect appears to be larger, ∼ 20%-30%. In ∆T = 2 transitions the variation is magnified by the cancellations that affect the F and GT-AA matrix elements. For comparison, in ∆T = 0 transitions the effect of turning off the momentum dependence of g V,A (q 2 ) is less than 5%.
For the weak-magnetic contributions GT-MM, some care has to be taken when removing the form factors. As evident from Eqs. (A5) and (A6), in the absence of g V (q 2 ), both V GT,M M and V T,M M are singular at r → 0. To compute the GT-MM matrix element in the second line of Table IV we used the regularization of the delta function in Eq. (27) , with R = 0.6 fm. Varying R between 0.6 and 0.8 fm does not have an appreciable effect on the result. The good agreement for the values of GT-MM in the first and second line of Table IV indicates that the result does not strongly depend on the way the region of large q 2 is regulated. For the T-MM matrix element, the second line of Table IV is obtained by naively using the potential V T,M M (r) in Eq. (A6). Here the divergence at r = 0 does not spoil the evaluation of the associated matrix element. Again this is due to the fact that the tensor operator T (S ab ) gives zero on pairs in relative S-wave. In fact, the τ + a τ + b is selecting out valence (nn) pairs in the initial state. These are largely in a 1 S 0 relative state, with some 3 P 0 components which are however zero at short-range due to an angular momentum barrier.
While in Table IV we only report results for the impact of form factors on the light neutrino-exchange potentials, the same features are shared by matrix elements of the V ππ and V πN potentials, as they are proportional to to the AP and PP components in IV. The same holds for the V N N potential, which is analogous to GT-MM. In particular, changing the regularization of the delta function potential from Eq. (27) to a dipole form factor, either g V (q 2 ) or g A (q 2 ) has little effect on the F-NN and GT-NN matrix elements.
The impact of the axial and vector form factors on the 10 He→ 10 Be and 12 Be→ 10 C transitions is illustrated in Fig. 5 . The solid and dashed lines denote the distributionsC(q) defined in Eq. (26), with and without the dipole form factors for g V,A (q 2 ). We see that the dipole form factors start to have an effect at around q ∼ 200 MeV, and cut off the distributions for q 500 MeV. The effect is similar for the F-ν and GT-ν, which are mostly long-distance, and the pion-range GT-ππ and GT-πN matrix elements, which are induced by heavy LNV new physics.
In the third row of Table IV , we report results obtained by regulating the matrix elements with the F (r) function defined in Eq. (28) with R L = 0.7 fm. We studied the sensitivity of our results with respect to variation of R L ∈ {0.6, 0.8} fm and found that the most affected matrix elements are those characterized by the presence of the node. For example, by comparing the second and the third rows in the table we can see that GT-ν and F-ν undergo a ∼ 18% and ∼ 13% variation, respectively, whereas T-ν is essentially unaffected by the regulator function. This is because the T-like operators are already zero at short-distances.
Finally, in the forth row of Table IV we report results obtained by artificially turning off the "one-pionexchange-like" correlation operators in the nuclear wave functions as discussed in Sec. III. Turning the correlations off has a dramatic effect on the tensor matrix elements, which become statistically equal to zero. The GT-ν and F-ν magnitudes increase by ∼ 10% with respect to the correlated results given in the first row of the table. The effect of the "one-pion-exchange-like" correlations is represented in Fig. 6 , where the blue triangles (solid line) in the left (right) panel represent the r-space (q-space) GT-AA transition distribution obtained by turning off the correlations to be compared with the red dots (solid line) obtained with the correlated wave function.
In closing this section, we reiterate that 0νββ matrix elements involve on average values of momentum transfer Table I , which include both the form factors and correlations. The results reported in the second row neglect the momentum dependence in the axial, vector and pseudoscalar nucleonic form factors. Results in the third row are obtained including the regulator given in Eq. (28) . Results in the forth row are obtained turning off the "one-pion-exchange-like" correlations in the nuclear wave functions (see text for explanation). VMC statistical errors (not reported in the table) are 2%. 
D. Light neutrino exchange beyond leading order
Beyond leading order, several new contributions to light Majorana-neutrino exchange arise. At N 2 LO in the Weinberg counting, these consist of corrections to the single-nucleon currents as well as genuine two-body effects that cannot be absorbed by the one-body weak currents [43] . The second effect is induced by loop diagrams involving the neutrino, as well as counterterms that appear at the same order. The corrections to the one-body currents are often included in the 0νββ literature through the form factors in Eq. (10), while the two-body contributions have so far not been implemented in nuclear calculations. Here we investigate the impact of this second type of corrections, which appears at the same order as the effect of the form factors discussed in Section IV C.
The N 2 LO correction to the neutrino-exchange potential of Eq. (6) was derived in Ref. [43] and can be written as
AA ) arises from loops with two insertions of the vector (axial) current, V us is generated by loops involving ultrasoft neutrinos, and V (a,b) CT captures the counterterm contributions. The latter term involves three counterterms which absorb the renormalization scale (µ) dependence of divergent loop diagrams. We write these pieces as follows 1 ,
where L π = ln are the counterterms.
It should be noted that the potential in Eq. (29) does not capture the complete N 2 LO correction. Firstly, the loops involving ultrasoft neutrinos (captured by V us ) are divergent and induce the dependence on the renormalization scale µ us in Eq. (29) . This µ us dependence is canceled by ultrasoft contributions to the 0νββ amplitude. However, the calculation of these contributions requires knowledge of the intermediate states [43] and is beyond the scope of the current work. Secondly, although g ππ ν can be estimated through a connection to electromagnetic corrections to ππ interactions [61] , leading to [43] are currently unknown. Without these missing pieces we do not have full control over the complete N 2 LO correction. Nevertheless, a rough estimate of the size of the counterterm and the ultrasoft contributions can be obtained by varying the renormalization scales, µ and µ us , respectively, such that the logarithms change by O(1) (this corresponds to Naive Dimensional Analysis (NDA)).
With the above caveats in mind, we find in the case of the 10 He→ 10 Be transition
where M ν denotes the matrix element of the potential in Eq. (7), (29) has a divergence for q → ∞ (or r → 0), making it rather sensitive to the way short-distance scales are regulated. Here we naively regulated this divergence by multiplying all terms by g is far from obvious in the context of chiral EFT. As discussed in Ref. [43] , further work to determine the scaling of g N N ν and its possible enhancement is needed.
V. CONCLUSION
The nuclear ab initio approach aims at describing the widest range of nuclear properties in terms of interactions occurring between nucleons inside the nucleus. In this microscopic picture, nucleons interact with each other via two-and three-body interactions, and with external electroweak probes via couplings to individual nucleons and to nucleon-pairs. Albeit limited to light nuclei (A ≤ 12), Quantum Monte Carlo calculations based on the AV18 two-body and IL7 three-body interactions successfully explain available experimental data in a broad energy range, from the keV regime relevant to astrophysics studies to the GeV regime where short-range correlations become predominant [32] [33] [34] . These studies yield a rather complex picture of the nucleus with many-body correlations in both the nuclear wave functions and electroweak currents playing an important role in reaching agreement with the data.
In this work, we used the ab initio approach supported by the computationally accurate Quantum Monte Carlo methods to study 0νββ matrix elements in A = 6-12 nuclei. While these systems are not relevant from the experimental point of view, they are nevertheless interesting and provide us with an extremely useful set of test cases. In fact, the 0νββ rate depends on matrix elements that are not experimentally accessible and need to be estimated theoretically. At present, the calculated nuclear matrix elements of experimental interest (A ≥ 48) have large theoretical uncertainties which complicate the interpretation of any future 0νββ observation or lack thereof. The uncertainties on the calculated matrix elements are primarily attributable to the fact that for larger nuclear systems, in order for the calculations to be computationally feasible, one has to (drastically) approximate the ab initio framework, by, e.g., leaving out correlations and/or truncate the model space.
It is in this context that this study on 0νββ in light nuclei finds its relevance. For a start, we provided a set of VMC calculations that can be used for benchmarking purposes. We have presented results for the nuclear matrix elements relevant for the light Majorana-neutrino exchange mechanism (Table I) as well as for TeV-scale mechanisms of lepton-number violation (Table II) , and we have studied their relative size (see Table III ).
Our results for the ∆T = 2 transitions show the following features: (i) The matrix elements for A = 10, 12 are between an order of magnitude and a factor of two smaller compared to shell model results for systems with A = 48, 76, 136. The bulk of this difference can be attributed to the normalization factor R A entering Eqs. (17)- (19) . (ii) The difference in the A = 10 and A = 12 matrix elements is correlated with the height of the peaks in their associated transition densities (see Fig. 5 ) and it is due to the different spatial overlaps between an initial diffuse neutron distribution and a final compact proton distribution in the case of the A = 10 transition, and between two compact initial neutron and final proton distributions in the A = 12 transition. (iii) As illustrated in Table III , the ratios of different matrix elements to the dominant Gamow-Teller one (GT-AA) are, in a given method, roughly independent of A. We find that for A = 10, 12, the ratios agree at the 5% level, while for A = 48, 76, 136 they agree at the 15% level or better, and are consistent with the A = 10, 12 results at the 30% level. However, if we normalize the GT-like matrix elements by a short-range contribution, e.g., GT-πN , then the normalized short-range matrix elements are consistent at the ∼ 20% level or better in all the considered nuclear transitions.
Our results will help the community assess the adequacy of the various methods used to estimate 0νββ matrix elements, and identify the key dynamical features that need to be retained in more approximate manybody computational methods. This is especially relevant for benchmarking those methods that can be extended to the heavier systems of experimental interest. In this spirit, we have studied the effect of artificially turning off correlations in the VMC nuclear wave functions, finding a ∼ 10% increase in the calculated nuclear matrix elements for the light Majorana neutrino exchange mechanism. In previous studies, we found that turning off correlations-as described in Section III-and keeping only the dominant component in the VMC w.f.'s leads to a ∼ 15% (∼ 30%) increase in the calculated single beta decay matrix elements of A = 6-7 (A = 10) transitions, with respect to the fully correlated results that are in agreement with the data at the ≤ 2% (∼ 10%) level [29] . This corresponds to having to "quench" g A by q ∼ 0.85 (q ∼ 0.70) in A = 6-7 (A = 10) single beta decays. This is a somewhat larger effect than what we have found here for the calculated 0νββ matrix elements. For example, in the A = 10, ∆T = 2 0νββ transition we find a ∼ 25% variation in the calculated matrix elements when we use the 'uncorrelated' wave functions, which corresponds to a g A "quenching" of ∼ 0.90. These findings may indicate that the g A "quenching" required in calculations based on more approximated nuclear models (for A > 12 nuclei) is larger in single beta decay than in 0νββ.
Within the VMC approach, we have also explored the impact of using different forms for the transition operators mediating 0νββ -another potential source of uncertainty in the matrix elements of physical interest. In particular, for the light Majorana-neutrino exchange mechanism, following the chiral EFT approach of Ref. [43] we have estimated the impact of N 2 LO corrections (in the Weinberg power counting) on the 10 He→ 10 Be transition. The "factorizable" N 2 LO effects captured by nucleon form factors impact the matrix elements at the 10% level (see Table IV ). The non-factorizable genuinely twobody effects are discussed in Section IV D. While we do not have yet full control over the N 2 LO amplitude (counterterms and ultrasoft contributions are not yet known), our results suggest that the non-factorizable effects may lead to O(10%) corrections, consistently with the expectations of the chiral power counting. Counterterms of the size implied by naive dimensional analysis would not change this conclusion. One should keep in mind, however, that the NDA scaling of the four-nucleon coupling g N N ν cannot be taken for granted [43] , and further work to check the consistency of Weinberg power counting for 0νββ and to determine the scaling of g N N ν is needed. In a similar vein, future work should focus on a more consistent chiral EFT approach, in which the nuclear wave functions are determined from a chiral potential.
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